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Stimulus attributes effective in inducing vection can be generalized by the object and background
hypothesis, that is, properties that belong to ‘objects’ weaken vection while those of the ‘background’
enhance vection. We presented a motion-deﬁned Rubin’s vase to induce vection. Results clearly indicated
that the background dominantly induced vection. We further demonstrated that motion stimuli that had
a property of an object could not induce vection efﬁciently. Investigating vection in the framework of the
object and background hypothesis provides a uniﬁed point of view for understanding vection stimuli.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
When we are exposed to a visual motion ﬁeld that simulates the
retinal optical ﬂow generated by our movement, we often perceive
subjective movement of our own bodies. This phenomenon is
called vection. Several stimulus attributes are known to affect
the subjective strength or direction of vection, i.e. stimulus size,
eccentricity, depth order, spatial frequency and attention.
For example, the magnitude of vection increases with an in-
crease in stimulus size (Berthoz, Parvard, & Young, 1975; Brandt,
Dichgans, & Koenig, 1973; Held, Dichgans, & Bauer, 1975). This
attribute is not only determined physically but also perceptually
(even if the physical sizes are the same, perceptually larger stimuli
induce stronger vection) (Leibowitz, Post, Rodemer, Wadlington, &
Lundy, 1980). Eccentricity has also been investigated as a determi-
nant of vection. Early studies reported that motion presented in the
peripheral visual ﬁeld induces stronger vection than that presented
in the central visual ﬁeld (Dichgans & Brandt, 1978; Held et al.,
1975; Johansson, 1977). However, there has been controversy
regarding the peripheral vision effect (e.g. Post, 1988; Howard &
Heckmann, 1989). These researchers insisted that size of the mo-
tion stimulus was the important factor in determining vection,
not the eccentricity of this motion stimulus. However, Howard
and Heckmann (1989) and Nakamura (2008) asserted that a
peripheral stimulus tends to be seen in a farther plane compared
with the central stimulus, and this perceptual depth order indi-
rectly produced the peripheral dominance effect for vection.ll rights reserved.
no).The depth-order effect on vection is well known. The farther
away the perceived motion stimuli are, the stronger the vection
that is induced. The furthest away motion stimulus also deter-
mines the direction of vection (Brandt, Wist, & Dichgans, 1975;
Howard & Heckmann, 1989; Ito & Shibata, 2005; Ohmi & Howard,
1988; Ohmi, Howard, & Landolt, 1987; Telford, Spratley, & Frost,
1992). Ohmi et al. (1987) reported that when two dot planes are
set on almost the same physical depth, the perceptually farther
plane dominates in inducing vection. Thus, the perceptual depth
order, not the physical distance, should be an important factor
for inducing vection.
It has been reported that low-spatial-frequency components in-
duce vection more effectively than high-spatial-frequency compo-
nents (Bonnet & Chaudagne, 1979; Sauvan & Bonnet, 1993). A more
recent study has further revealed that there is an interaction be-
tween spatial frequencies and portions in the visual ﬁeld, i.e. in
the central visual ﬁeld, the higher spatial frequency components
are more effective (Palmisano & Gillam, 1998). Finally, attention
has been found to be a determinant of vection. When attended
and unattended motions are superimposed, vection is induced by
the latter and not by the former (Kitazaki & Sato, 2003).
Kitazaki and Sato (2003) generalized these results and proposed
a hypothesis that vection is most likely induced by motion ob-
served in the environment (background) but not by the motion
of an object. They pointed out that the attributes that are effective
in inducing vection (i.e. large size, peripheral vision, low spatial
frequency, being perceived as farther and being unattended) are
at the same time the properties of the background. Sato, Seno,
Kanaya, and Fukazawa (2007) further extended the hypothesis to
explain the differences in the effectiveness of vection induction
among three spatial areas, i.e. the ceiling, wall and ground. We
refer to their hypothesis as ‘the object and background hypothesis’
Fig. 1. The motion-deﬁned Rubin’s vase used in this experiment. The grating in
each area was moved either upward or downward. The directions of the two
motions were always the opposite of each other.
2974 T. Seno et al. / Vision Research 49 (2009) 2973–2982in this study. As described above, although there has been some
controversy concerning the effect of each stimulus property, the
object and background hypothesis seems to summarize the results
from previous vection research.
Object and background segmentation corresponds to the ﬁgure
and ground segmentation that has been long recognized in the
ﬁeld of psychology. ‘Figure and ground’ are terms that have been
used by many scientists since Gestalt psychologists clearly showed
this segmentation by simple but sophisticated demonstrations. It is
a widely accepted idea that a visual scene can be divided into two
types of regions. One region has clear intrinsic contours, meaning-
ful shape and is named the ‘ﬁgure’. The other type of region lacks
intrinsic contours and meaningful shape and is termed the
‘ground’. Because border (contour) ownership is determined by
depth order (Nakayama, Shimojo, & Silverman, 1989), ﬁgure–
ground segmentation necessarily involves depth segregation. In
general, the ﬁgure tends to be seen in front, and the ground tends
to be seen spreading behind the ﬁgure. Other properties likely to
belong to the ﬁgure have been revealed in previous studies, i.e. rel-
atively small (Rubin, 1915, 1958; Koffka, 1935), symmetrical
(Bahnsen, 1928; Driver, Baylis, & Rafal, 1992), convex (Hoffman &
Singh, 1997; Kanizsa & Gerbino, 1976), rich in high spatial frequen-
cies (Klymenko & Weisstein, 1986), lower in the visual ﬁeld
(Vecera, Vogel, & Woodman, 2002), and recognizably shaped (Pet-
erson & Gibson, 1994). Related to spatial frequency, Brown and
Weisstein (1988) pointed out that high spatial frequency indicates
perceptual nearness, and low spatial frequency indicates percep-
tual farness. Thus, the spatial frequency effect on ﬁgure–ground
segregation may be reduced to the depth-order effect.
In the present study, we investigated the object and background
hypothesis for vection. Although the object and background
hypothesis seems to provide a good framework in vection research,
it has not been directly tested. One of the difﬁculties in testing the
hypothesis is that producing an appropriate condition for object or
background perception should include manipulation of at least one
of the above noted stimulus properties. However, it is difﬁcult for
such studies to determine whether the manipulated stimulus
property affects vection directly or indirectly through the object–
background segregation process. For example, Ohmi et al. (1987)
concluded that the perceptual background determines vection
from results showing that perceptual self-motion arose only when
the moving area was perceived as farther than the stationary dots
even without physical changes in the stimulus. Their results seem
to correspond well to the object and background hypothesis. How-
ever, their effect can be reduced to the perceptually-determined
depth-order effect, not necessarily explained by the object–back-
ground segregation process.
Although the properties belonging to an object/background
may constitute the perception of an object/background, that per-
ception does not mean reversely that all the properties are appro-
priately included in the perception. In this study, we used stimuli
with a contradiction between object–background perception and
their attributes, e.g. ‘attended background motion’ or ‘farther ob-
ject motion’. We further tested whether the likelihood of being
perceived as an object area affects vection strength. Through the
experiments, we demonstrated that the object and background
hypothesis is valid beyond the direct effects of component proper-
ties (i.e. attention and depth).
In Experiments 1 and 2, we used a reversible ﬁgure known as
Rubin’s vase (Rubin, 1915) as an experimental stimulus in which
the perceptual object and background were dynamically ex-
changed to directly demonstrate that the perceptual background
dominantly induces vection. Both the face and vase regions can
be a ﬁgure or ground area, and those perceptual distinctions are
often reversed during a long observation period even without focal
attention. We presented a motion-deﬁned form of Rubin’s vase andrecorded the time courses for the form perception (face or vase).
The perceptual ﬁgure and ground corresponded to the object and
background, respectively. We also recorded the vection induced
by simultaneous motions in both the vase and face areas. If the per-
ceptual background-induced vection, then the motion in the vase
area would induce vection when the subjects perceived faces,
and vice versa. In Experiment 3, we investigated the effect of vol-
untary attention to the background. Because an attended ﬂow usu-
ally acquires a property of an object in two competing ﬂow stimuli
(e.g. Kitazaki & Sato, 2003), the attended–unattended factor cannot
be separated from the object–background factor. However, in this
study, using the reversible ﬁgure, it became possible to assure that
subjects were attending to motion in the ‘ground’ area. Thus, we
could separate the ﬁgure and ground segmentation from the at-
tended and unattended segmentation. In Experiments 4 and 5,
we manipulated the shapes of the motion area presented in a
depth position farther than a moving dot plane. Whether a ﬂow
at a farther position induced vection was investigated when the
region was perceived as an object. We assumed that motions in
the perceptual object regions are ineffective for vection induction
even if they are at a father position. Given that the familiarity of
the region shape is one of the determining factors for the likelihood
of being perceived as an object (Peterson & Gibson, 1994), we mea-
sured vection manipulating the shapes and their orientations in
the motion areas in Experiments 4 and 5.
2. Experiment 1
2.1. Apparatus
A computer (Apple MB543 J/A) generated and controlled stimu-
lus images (pixel resolution, 1024  768; refresh rate, 75 Hz), and a
rear projector (DRAPAR, Electrohome Electronics) presented the
images on a screen. The experiment was conducted in a darkened
room.
2.2. Stimuli
The stimuli subtended a visual angle of 75 (horizontal)  54
(vertical) at a viewing distance of 90 cm. Upward or downward
motion of luminance-deﬁned gratings (0.4 cycle/deg) was pre-
sented in the face or vase area of the Rubin’s vase image (Fig. 1),
respectively. The directions of the motions in the two areas were
Fig. 2. The average durations of vection corresponding to the background, object
and unknown origins in Experiment 1. The bars indicate standard errors.
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was approximately 20 deg/s. The duration of the stimulus presen-
tation was 60 s. The motion directions were randomly switched for
each trial. The mean luminance of the stimulus was 4.45 cd/m2.
The Michelson contrast of the grating was 80%.
2.3. Subjects
Subjects comprised fourteen adult volunteers. They were grad-
uate and undergraduate students (aged 20–27, nine males and ﬁve
females). They all had normal vision and had not experienced any
diseases of the vestibular system. They all had previous vection
experiences in other vection experiments or had participated in
demos in psychology lectures before participating in this experi-
ment. They also knew Rubin’s vase as a reversible ﬁgure. All sub-
jects were unaware of the purpose of the experiment.
2.4. Procedure
Six trials were conducted, and subjects were allowed to rest
between the trials. The length and timing of the rest periods were
freely determined by the subjects for an ethical reason (to avoidmo-
tion sickness). Subjects were instructed to keep pressing a button
throughout the duration for which they perceived vection (upward
or downward self-motion). They were also instructed to simulta-
neously press either of twobuttons corresponding to the face or vase
when they perceived the face or vase, and the time courses in which
the subjects perceived either the face or vase were recorded. Sub-
jects were instructed to release the buttons when the perception
of the ﬁgure or the directions of vection became ambiguous. The
instructions were as follows: ‘‘Please press the corresponding but-
tons for face or vase while either shape is dominantly perceived,
and also press the corresponding button(s) while you are perceiving
upward or downward self-motion. If such a decision becomes too
difﬁcult, please release thebuttons.‘‘ It is known that the time course
of vection responses can be modulated by differences in an experi-
menter’s instructions or demands (Lepecq, Giannopulu, & Baud-
onniere, 1995; Palmisano & Chan, 2004). Thus, although the
subjects knew both phenomena, i.e. vection and ﬁgure–ground
reversals, we carefully instructed them regarding their task so as
not to give them any suggestion leading to cognitive bias about
the object–background hypothesis. Subjects practiced pressing the
buttons before starting the experimental trials.3. Results and discussion
Reversals of the ﬁgure and ground were observed more than
once in all trials, and vection was conﬁrmed in all trials. The aver-
age reversal frequency was 2.36 per trial. The average duration of
vection (27 s) seems shorter than the duration of vection induced
by a standard vection stimulus of the same size (i.e. optic ﬂows
or a single-luminance grating). This discrepancy may be attribut-
able to the difﬁculty of the tasks in this experiment.
We calculated the durations of background-induced vection,
object-induced vection, and vection from an unknown origin. For
example, if the motion in the face area was upward, if the area
was perceived as a ﬁgure, and if the direction of vection was up-
ward, the vection was categorized to be induced by the back-
ground. The vection was considered to have an ‘unknown’ origin
when the subject pressed the button to conﬁrm the perception of
vection, but did not press a button to conﬁrm object and back-
ground segregation. The results indicate that the perceptual back-
ground dominantly induced vection (Fig. 2).
The average durations of vection induced by the face and vase
areas were 11.43 and 10.38 s, respectively. The ratio of the vectionduration in the face-area origin to that in the vase-area origin was
1.41. This score was not signiﬁcantly larger than 1 (z = 1.38 ns).
Thus, there was no difference in durations between the face-area
origin vection and the vase-area origin vection.
We calculated the object–background indexes as the duration of
the background-origin vection minus the duration of the object-
origin vection. They became 9.98 and 8.89 for the face- and vase-
area origin vection experiences, respectively. The index scores
from all subjects were signiﬁcantly larger than 0, indicating that
the perceptual background was signiﬁcantly dominant in inducing
vection (face origin, z = 15.20, p < 0.01; vase origin, z = 13.43,
p < 0.01).
Results indicate that vection is dominantly induced by the per-
ceptual background, and that the perceptual object could not effec-
tively induce vection. These results are in agreement with the
object and background hypothesis for vection. However, it is pos-
sible to argue that the reported vection might include inverted vec-
tion. Inverted vection is a vection induced in the same direction as
presented motion (Nakamura & Shimojo, 2000). If vection observed
in Experiment 1 included inverted vection, then it was possible
that the object region induced vection. To examine this possibility
we conducted Experiment 2.4. Experiment 2
4.1. Apparatus
The apparatus was the same as in Experiment 1.
4.2. Stimuli
Upward or downward motion of luminance-deﬁned gratings
(0.4 cycle/deg) was presented in the face area of the Rubin’s vase
image, and leftward or rightward motion was presented in the vase
area. The directions of the motions in the two areas were always
orthogonal. Except for the motion direction, stimulus parameters
were the same as those in Experiment 1.
4.3. Subjects
The same fourteen subjects as those in Experiment 1 partici-
pated in Experiment 2.
4.4. Procedure
Subjects were instructed to keep pressing a corresponding but-
ton throughout the duration when they perceived vection (vertical
or horizontal self-motion). Other procedures were the same as in
Experiment 1.
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As shown in Fig. 3, the background area always induced vection,
and this stimulus induced normal vection, not inverted vection. For
example,when the vasewasperceivedas theobject, the verticalmo-
tion in the face area that was the perceptual background-induced
vertical vection, and at that time, the vection direction was always
opposite to the perceived vertical motion. The average reversal fre-
quency was almost equal to that in Experiment 1 (2.46 per trial).
The object–background indexes as the duration of the back-
ground-origin vection minus the duration of the object-origin vec-
tion became 12.16 and 10.66 for the face- and vase-area origin
vections, respectively. The index scores from the fourteen subjects
were signiﬁcantly larger than 0 (face, z = 20.05, p < 0.01; vase,
z = 17.13, p < 0.01). Therefore, the perceptual background domi-
nantly induced vection. The ratio of the vection duration in the
face-area origin to that in the vase-area origin was 1.37. This score
was not signiﬁcantly larger than 1 (z = 1.47 ns). Thus, there was no
difference in durations between the face-area origin vection and
the vase-area origin vection.6. Experiment 3
In Experiments 1 and 2, we could not separate the effect of
attention from that of the object–background segregation. That
is, it is possible that the perceptual background mainly induced
vection because subjects did not pay attention to the background
(Kitazaki & Sato, 2003). Therefore, in Experiment 3, we had sub-
jects attend to the background while they were perceiving vection.
Kimchi and Peterson (2008) showed that ﬁgure and ground seg-
mentation does not require attention. This means that the ﬁgure
is not necessarily paid attention to, and that attention can be con-
trolled independently of the ﬁgure–ground distinction.6.1. Apparatus
The apparatus was the same as in Experiment 1.6.2. Stimuli
Stimuli were the same as those in Experiment 2.6.3. Subjects
The same 14 subjects in Experiments 1 and 2 participated in
Experiment 3.Fig. 3. The results of Experiment 2. The average durations of vection corresponding
to the background, object and unknown origins are shown. The bars indicate
standard errors.6.4. Procedure
Subjects were instructed to keep pressing a button throughout
the duration when they perceived vection (vertical or horizontal
self-motion). In addition, they were instructed to attend to the
background motion. Subjects made many attempts before they
were able to attend to the background correctly. Other procedures
were the same as in Experiment 1.
7. Results and discussion
As shown in Fig. 4, even under the condition where subjects
paid attention to the background motion, the perceptual back-
ground dominantly induced vection. Moreover, as a result of sub-
jects paying attention to it, the background became more
effective and dominant in inducing vection. All obtained vection
was normal vection, not inverted.
The object–background indexes as the duration of the back-
ground-origin vection minus the duration of the object-origin vec-
tion became 19.59 and 10.51 for the face and vase origins,
respectively. Those index scores from all subjects were signiﬁ-
cantly larger than 0 (face, z = 26.63, p < 0.01; vase, z = 10.51,
p < 0.01). Therefore, the background dominantly induced vection.
The ratio of the vection duration in the face-area origin to that in
the vase-area origin was 2.66. This score was signiﬁcantly larger
than one (z = 3.62, p < 0.05). Thus, there was a signiﬁcant difference
in durations between the face-area origin vection and the vase-
area origin vection. The face area dominantly induced vection com-
pared with the vase area.
T-tests were conducted on the object–background index scores
of Experiments 2 and 3. They revealed a signiﬁcant difference
between the two conditions for the face-origin vection (t(13) =
5.90; p < 0.01); there was no signiﬁcant difference between the
two for the vase-origin vection (t(13) = 0.11 ns). Thus, the effect
of attention was conﬁrmed for the face-origin vection. By subjects
attending to the background, it became more effective in inducing
vection. The effect of subjects’ attention to the background was
apparent only when the face was the perceptual background be-
cause attending to the background elongated the duration of vec-
tion of the face-area origin, but not of the vase-area origin. The
face area was larger than the vase area. Thus, attending to the face
area required less effort compared with attending to the vase area.
This difference in difﬁculty in attending to background motion
seems to be the reason why the attention effect was obtained only
in the face-area origin. The ﬁnding that subjects paying attention
to the background enhanced vection corresponds to our other
study showing that vection requires attentional resources (Seno,
Ito, & Sunaga, 2009).Fig. 4. The results of Experiment 3. The average durations of vection corresponding
to the background, object and unknown origins are shown. The bars indicate
standard errors.
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fected by an experimenter’s instructions. Lepecq et al. (1995) found
that vection onset latency was actually shortened by subjects’ cog-
nitive bias induced by an experimenter; no effect was found for
vection durations. The effect of attention found in this experiment
was in vection durations. Both the effects found by Lepecq et al.
(1995) and the attentional effect found here stem from high-level
or top-down controls. However, the mechanisms affecting vection
responses are not necessarily the same between the two studies
because the top-down control can affect both the vection judgment
level and the vection induction level. As we do not have appropri-
ate data or methodology to discriminate the two levels, this
problem is left for future research.
The average reversal frequency was almost equal to that in
Experiment 1 (2.02 per trial). The average reversal frequency was
constant between the three experiments, and a one-way analysis
of variance revealed there was no signiﬁcant difference (F(2, 26) =
1.51 ns).
We found that the attended background could induce even
stronger vection; therefore, being unattended was not the reason
why the background was dominant in inducing vection in Experi-
ments 1–3. Despite attentional conditions, the ﬁnding that the per-
ceptual background was always dominant over the perceptual
object in inducing vection seems to support the object and back-
ground hypothesis. On the other hand, the effect of attention found
here is a major difference between our results and those of Kitazaki
and Sato (2003). This problem is again discussed in the General
discussion.Fig. 5. The three stimuli used in Experiment 4. (a–c) show rectangle, star and apple
conditions, respectively.8. Experiment 4
In Experiment 3, we conﬁrmed that the object–background fac-
tor was independent of an attention factor. However, we did not
separate the effect of the perceptual object–background relation-
ship from that of the perceptual depth order in the former experi-
ments. The ﬁgure was always perceptually in front of the ground
(i.e. the perceptual object was in front of its background). Vection
is dominantly induced by a farther stimulus (e.g., Ito & Shibata,
2005) and even when the two ﬂows are on the same depth plane,
the perceptual depth order determines vection (e.g., Ohmi et al.,
1987). Thus, perceptual depth order and not object–background
segregation could have mediated our results. Therefore, we dem-
onstrated that, even at a farther distance explicitly deﬁned by ste-
reopsis, a perceptual object area could not induce vection.
8.1. Apparatus
Except for using LCD shutter goggles (Stereo Graphics, Crystal-
Eyes 3) to achieve stereoscopic viewing, the apparatus was the
same as in Experiment 1.
8.2. Subjects
Eleven naive volunteers participated in Experiment 4. They also
participated in Experiments 1–3.
8.3. Stimuli
Upward or downward motion of luminance-deﬁned gratings
(0.4 cycle/deg) was presented in the central area, and leftward or
rightward motion of random dots was presented all over the
screen. The central grating area was simulated 30 cm farther than
the plane deﬁned by the moving dots.
The dot positions were renewed at 60 Hz, creating an impres-
sion of motion; images on the screen were refreshed at 120 Hz,presenting each eye image alternately. Subjects wore LCD shutter
goggles to achieve stereoscopic viewing.
There were three shapes for the central grating area, i.e. a rect-
angle, star and apple (Fig. 5a–c). The rectangle presented had a
relatively stronger property of the background because the shape
was not associated with a concrete object. In addition, the rectan-
gle did not consist of explicitly closed contours because the upper
and lower edges of the shape were common with the screen edge,
lacking intrinsic contours. On the other hand, the star and apple
had relatively stronger properties of an object; they were concrete
and consisted of closed contours. A recognizable shape is consid-
ered one of the ﬁgural properties (Peterson & Gibson, 1994). Thus,
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perception for the three shapes. If vection strength was weaker
only in the star and apple, it would indicate that the object area
was not effective in inducing vection. The three shapes were equa-
ted in area and position, that is, the amounts of grating areas were
1/4 of the whole visual stimulus ﬁeld, and they were positioned at
the centre.
The velocity of the grating and dot motions were approximately
20 and 15 deg/s, respectively. The duration of the stimulus presen-
tation was 60 s. The motion directions were randomly switched for
each trial. The mean luminance of the stimulus measured through
the LCD goggles was 2.23 cd/m2. The Michelson contrast of the
grating was 80%.
8.4. Procedure
Ten trials were conducted for each shape condition. Subjects
were allowed to rest between the trials. Subjects were instructed
to keep pressing a button throughout the duration for which they
perceived vection (upward, downward, leftward and rightward
self-motion and their combinations). They were instructed to
simultaneously press two buttons when they perceived horizontal
plus vertical vection, i.e. diagonally right and down. The subjects
practiced pressing the buttons before starting the experimental
trials.9. Results and discussion
As shown in Fig. 6, over 41-s vertical vection was obtained un-
der the rectangle condition; however, less than 10-s vertical vec-
tion was obtained under the star and apple conditions. The
durations of horizontal vection were constant (around 41 s) for
the three conditions. Almost all the reported horizontal vection
was inverted vection (41.66, 39.45 and 39.23 s of inverted vection
durations out of 43, 41 and 40 s of total horizontal vection dura-
tions under the rectangle, star and apple conditions, respectively).
Motion on the nearer plane induced inverted vection. This result is
consistent with that of Nakamura and Shimojo (2000).
The durations in which vertical and horizontal vections were
simultaneously induced were 38.83, 5.64 and 6.33 s under the rect-
angle, apple and star conditions, respectively. During 90% of the ver-
tical vection induction, horizontal vection was also induced. A
combination of the normal vection induced by the farther planemo-
tion and the inverted vection induced by the nearer plane motion
resulted in vection in a diagonal direction (Ito & Fujimoto, 2003).Fig. 6. The average durations of vection corresponding to the three shapes, i.e.
rectangle, star and apple. The black and gray bars indicate vertical and horizontal
vection. The error bars indicate standard errors.A one-way analysis of variance revealed that the three shapes
(rectangle, star, and apple) had a signiﬁcant effect on vertical vec-
tion (F(2, 20) = 45.71; p < 0.01), but not on horizontal vection
(F(2, 20) = 0.72 ns). There were signiﬁcant differences between
the rectangle and the star, and between the rectangle and the apple
for vertical vection (p < 0.05; Tukey’s Honestly Signiﬁcant Differ-
ence (HSD) test).
Two subjects perceived three layers for the star and apple con-
ditions and only two layers for the rectangle. When the star or the
apple was presented, they sometimes perceived the farthest layer
as a whole grating ﬁeld, the second farthest layer as a black blank
ﬁeld with a star- or apple-shaped hole, and the nearest layer as the
dot plane. The perceptual depth order could have enhanced, not
weakened, the vertical vection because the grating was perceived
as the farthest. Thus, the results from the two subjects inversely
suggest that perceptual depth order is not the most important fac-
tor. It is possible that the likelihood of being perceived as an object
in the perceptual aperture shape also affected the vection strength.
Whether the perceptual aperture shape affects vection induced by
the motion area inside the aperture may be worth further testing
in future research.
Results from the present experiment indicate that even though
motion is presented on the farther plane, when the motion area has
a property of an object, it cannot induce vection effectively. It is
suggested that the object and background hypothesis is valid
beyond the depth-order effect.
However, it is also possible to argue that even if a rectangle is a
completely geometrical and abstract shape, it can remind subjects
of some rectangular object. In addition, as the rectangle here was
not closed by explicit contours in upper and lower edges of the re-
gion, the perceptual elongation of the rectangular shape beyond
the screen edges could have enhanced vection induction. There-
fore, we further examined the effect of shape perception as objects
on vection induction in Experiment 5, controlling the shape and
contours of the motion regions.10. Experiment 5
Experiment 4 presented the possibility that concrete object
shapes inhibited vection. However, a new method was needed to
conﬁrm the vection inhibition effect by object perception through
the control of the likelihood of object perception (hereafter we re-
fer to it as the object-likelihood) because it is possible for any
shape to be perceived as an object.
In Experiment 5, we employed the inversion effect on object
perception to control the object-likelihood. An inverted image is
less likely to be perceived as a united object and is difﬁcult to per-
ceive correctly (e.g. Rossion et al., 2003; Logothetis & Pauls, 1995;
Meeren, Hadjikhani, Ahlfors, Hämäläinen, & de Gelder, 2008). For
example, the hollow face (hollow object) illusion is less likely to
occur in inverted objects (Hill & Johnston, 2007). This is also true
for the well-known Thatcher illusion (e.g. Epstein, Higgins, Parker,
Aguirre, & Cooperman, 2006; Thompson, 1980). The inverted
shape’s object-likelihood is less than the upright one. Thus, we
controlled the perceptual object-likelihood of three shapes (face,
body and apple) by inversion of the image shapes. We examined
whether vection could be better induced by the inverted image
than by the upright one. Recognizable shape is one of the ﬁgural
properties (Peterson & Gibson, 1994). Thus, this manipulation
was also valid in terms of ﬁgure–ground segmentation.10.1. Apparatus
The apparatus was the same as that used in Experiment 4.
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Subjects were the same eleven naive volunteers who partici-
pated in Experiment 4.10.3. Stimuli
There were three shape conditions for the central grating area:
the apple, face and body (Fig. 7a–c). There were two conditions for
each shape, that is, upright or inverted. A Japanese woman’s face
was used as the face condition. In the body condition, a tradition-
ally dressed Japanese man (Samurai style) was employed. There
were six conditions in total. If vection strength was weaker in
the upright conditions, it would indicate that higher object-likeli-Fig. 7. The six stimuli used in Experiment 5. (a–c) shhood affects vection strength negatively, and vice versa. The
amounts of grating areas were different among the three condi-
tions. Other conditions were the same as those in Experiment 4.
10.4. Procedure
Eight trials were conducted under each condition. Subjects were
allowed to rest between the trials. Other procedures were the same
as those in Experiment 4.11. Results and discussion
Fig. 8 shows the average vection durations under the six condi-
tions tested in Experiment 5. A two-way analysis of varianceow apple, face and body conditions, respectively.
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tions (F(2, 20) = 3.59, p < 0.05; F(1, 10) = 11.72, p < 0.01). The inter-
action was not signiﬁcant (F(2, 20) = 0.47 ns).
The durations of vertical vection for the three shapes under the
inverted condition were longer than those under the upright con-
dition. It seems that the low object-likelihood related to the inver-
sion made vection relatively stronger. On the other hand, in the
face condition, the duration of vection was signiﬁcantly longer
than that under the other two shape conditions, though the inter-
action between the shape and the orientation factors was not sig-
niﬁcant. Given that the size of the grating area of the face condition
was the largest of the three conditions, this might be the reason for
the elongation of the vection duration. Even with the elongation of
vection, the inversion effect was constantly obtained. This suggests
that the manipulation of the object-likelihood worked robustly on
vection induction.
The durations of horizontal vection for the three shapes under
the inverted and upright conditions were constant. A two-way
analysis of variance revealed no signiﬁcant main effect of the three
shapes and the orientations (F(2, 20) = 0.17 ns; F(1 10) = 3.71 ns).
The interaction was also not signiﬁcant (F(2 20) = 0.22 ns). The
stimuli that induced horizontal vection were always the same
dot plane at the same depth. Therefore, this result was reasonable.
As in Experiment 4, in this experiment more than 95% of the
horizontal vection was inverted vection. This result is also consis-Fig. 8. (a) and (b) Are the average durations of vertical and horizontal vection
corresponding to the three shapes, i.e. apple, face and body and upright/inverted
conditions. The black and gray bars indicate upright and inverted conditions. The
error bars indicate standard errors.tent with Nakamura and Shimojo (2000) when the conﬁguration of
the stimuli (two motion directions that were orthogonal) are
considered.
These results can be interpreted to mean that the object-likeli-
hood of the three shapes was reduced by the inversion, and it re-
moved the inhibition of vection. Thus, stronger vection was
obtained in those inverted conditions. This indicates that even
when there is a motion stimulus on the farther plane, if the stim-
ulus area has a high object-likelihood, the stimulus inefﬁciently in-
duces vection. The object–background separation is an effective
factor even when the perceptual object is on the farther plane
All subjects reported that the perceptual depth conﬁguration
was the same between the upright and inverted conditions. Even
the two subjects who perceived the stimuli as three layers, de-
scribed in Experiment 4, perceived the same three layer conﬁgura-
tion in both the upright and inverted stimuli. Thus, the possible
differences in perceptual depth conﬁguration cannot explain the
inversion effect in this experiment. In addition, the three shapes
were just inverted, not changed, under the inverted condition.
Hence, the effect of the contour shape on vection induction is also
invalidated as an explanation for the inversion effect. There was a
possibility that the contours of the tested shapes were misper-
ceived as being in front of the dot plane. However, this possibility
can be dismissed for the following reasons. First, verbal reports
regarding the perceived depth conﬁguration from all subjects
did not show that kind of misperception. Second, subjects felt long
inverted vection in every condition. Inverted vection can be ob-
tained under a particular condition when there are two motion
planes in different depths. If the contours were perceived in front
of the dot plane, the inverted vection might not have been ob-
tained with such a long duration. Another misperception of depth
may be possible, i.e. the grating area was perceived as a hole of
the front dot plane. However, as the dots were superimposed even
on the grating area, the dot plane actually looked transparent and
in front.12. General discussion
In Experiment 1, we examined the object and background
hypothesis for vection by a motion-deﬁned Rubin’s vase and
clearly showed that the perceptual object rarely induced vection
while the perceptual background-induced vection dominantly
and effectively. In Experiment 2, we showed that the vection ob-
tained in Experiment 1 was normal vection, not inverted vection.
In Experiment 3, we tested the effect of attention. We found that
even when subjects attended to the background motion, not only
did the background motion induce vection dominantly compared
with the object motion, but also attention enhanced vection. Final-
ly, in Experiments 4 and 5, we demonstrated that when the shapes
of the motion area were more likely to be perceived as objects, vec-
tion was suppressed. From these results, we conclude that object–
background segregation is more important than each component
property, i.e. attention or depth, as a determinant of vection.
Results are consistent with the object and background hypoth-
esis for vection, but inconsistent with the attention effect in Kita-
zaki and Sato (2003). Although those researchers insisted that
unattended motion dominantly induced vection, our results inver-
sely showed that the attended motion sometimes enhanced vec-
tion. We propose two possibilities to explain the contradiction.
The ﬁrst possibility is that the object–background relationship
modulated by attention determined vection in Kitazaki and Sato
(2003). In that study, it was assumed that the perceptual object
is usually attended while the background is usually unattended.
Because their stimulus was not a reversible ﬁgure, the perceptual
object/background segregation was not independent from the
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subjects attended one motion component, it perceptually became
an object. Their results can be interpreted as showing that the
unattended motion dominantly induced vection through the ob-
ject–background determination controlled by attention. This possi-
bility is noted in Kitazaki and Sato (2003). On the other hand, our
stimulus disrupted the relationship between attention and object/
background segregation and enabled us to manipulate them inde-
pendently. The use of the reversible ﬁgure provided a great advan-
tage related to this point. In the present experiment, using a
reversible ﬁgure, it was possible that after the perceptual back-
ground was determined, the subjects attended to the background
motion. Because of this manipulation, the effect of attention was
isolated from the object and background relationship and proved
to be promotive in vection induction. We have acquired evidence
showing that vection actually requires attentional resources (Seno
et al., 2009). Therefore, the present results are not inconsistent
with Kitazaki and Sato (2003), that is, their attention effect deter-
mined the vection strength or direction through object–back-
ground segregation.
The second possibility is that the perceptual depth order mod-
ulated by attention determined vection in Kitazaki and Sato
(2003). The effects of attended/unattended segregation and depth
segregation on vection induction could not be separated in their
stimulus. Generally, the attended stimulus is likely to be perceived
in front of the unattended stimulus, possibly as an object. Thus,
their results could be acquired by the perceptual depth-order ef-
fect, i.e. the unattended ﬂow induced stronger vection because it
was perceived as farther (Ohmi et al., 1987), possibly as a back-
ground. Therefore, in this case, the present results are again not
inconsistent with Kitazaki and Sato (2003), that is, their attention
effect might not have directly determined vection strength or
direction but rather perceived depth segregation determined
vection.
In general, the object–background status can be determined by
the perceived depth order, and vice versa. The two factors cannot
be separated by stimuli as used in Ohmi et al. (1987) or Kitazaki
and Sato (2003). Therefore, in Experiment 4, we tried to isolate
the two factors and demonstrated that even motion at a farther
distance deﬁned by stereopsis cannot induce vection efﬁciently if
the motion has a property of an object. This demonstration indi-
cates that object and background segregation is more highly
weighted in inducing vection than the perceptual depth order. In
Kitazaki and Sato (2003), they found little attention effect in ﬂows
separated in depth explicitly by stereopsis. However, the manipu-
lation of an object-likelihood in the present study produced a
strong effect even on the ﬂows separated in depth by stereopsis.
Thus, object–background segregation can affect vection indepen-
dently of the perceptual depth order.
Through Experiments 1–5, we developed new methodologies to
investigate the object and background hypothesis. We controlled
each factor separately. In addition, Experiment 5 manipulated a
new factor. We think that employing this method of controlling
the object-likelihood by the inversion effect (e.g. Rossion et al.,
2003; Logothetis & Pauls, 1995; Meeren et al., 2008) is quite new
in this ﬁeld. The methodology worked effectively to demonstrate
that the inverted (less likely to be perceived as an object) shape
induced stronger vection than the upright (more likely to be
perceived as an object) shape.
One may argue that the upright shapes attracted more atten-
tion, resulting in weaker vection in Experiment 5. We do not agree
with this explanation for two reasons. First, the effect of attention
found by Kitazaki and Sato (2003) works only in a display including
two competing ﬂows on the same depth plane or maybe in an
ambiguous depth order. Experiment 5 deﬁned the depth order by
stereopsis, resulting in inverted vection induced by the front dotplane through the trials. Normal vection was rarely acquired from
the front motion. This indicates that the perceptual depth order
was constant and never changed by the attentional effect possibly
caused by the high object-likelihood. Second, in Experiment 3, we
found that attention sometimes even enhances vection. It is not
plausible that attention is a suppressor of vection, at least when
the attended area induces vection. We believe that the inversion
effect works not through the attention effect but through the
changes in the object-likelihood.
As noted before, the object–background relationship can be af-
fected by certain attributes. For example, the larger the stimulus
size is, the less the object-likelihood is. Object processing is mainly
done in the central visual ﬁeld rather than in the peripheral visual
ﬁeld. The spatial frequency in the object is often higher than that in
the background (objects often contain higher spatial frequency
components). The farther the stimulus is, the less the object-likeli-
hood is. These component factors (size, position in the visual ﬁeld,
spatial frequency, depth order) are related to both vection induc-
tion and object–background segregation.
We can assume two possibilities concerning the functional
architecture in vection induction, including the component fac-
tors discussed above. One possibility is that these attributes are
direct factors in changing vection strength. In Experiment 3,
attention affected vection without changes in the object–back-
ground relationship. This suggests that each component factor di-
rectly affected vection strength. In this case, object–background
segregation mediated the interactions among the factors. How-
ever, even in that case, the perceptual background almost always
induced vection. Therefore, even if direct effects of the compo-
nent factors existed, the total control of vection induction may
have depended on the object–background relationship. The other
possibility is that these attributes are indirect factors that inﬂu-
ence the direct factor, that is, the object–background relationship.
In this case, the object and the background may not be binarily
categorized. As shown in Experiment 5, the object-likelihood
(or the background-likelihood) or the object–background weight-
ing should ﬂuctuate in an analog manner between the two cate-
gories. We think it is possible for the two functional architectures
to coexist because they are not antinomies. In either case, we
should rearrange the relationship between vection and stimulus
attributes in the perspective of the object and background
hypothesis.
The segmentation of ﬁgure (object) and ground (background)
has been considered a process of high level vision because it seems
to require a schematic process (Barlow, 1972). However, more re-
cent studies have revealed that it is related to early vision such as
V1 (Lamme, 1995). In addition, Kimchi and Peterson (2008) re-
ported that ﬁgure and ground segmentation can occur without
attention. Hence, ﬁgure and ground segmentation may be medi-
ated mainly by rather low-level vision. On the other hand, the com-
bination of top-down and bottom-up processes could offer a better
computational model of ﬁgure and ground segmentation rather
than one way processing (Borenstein & Ullman, 2008). It seems
that ﬁgure and ground segmentation is constrained by early vision
although top-down control is also effective. Thus, it is natural to as-
sume that vection is also constrained by early vision and affected
by top-down processing.
In conclusion, the object and background hypothesis can be a
very efﬁcient framework for future vection research. The stimuli
employed in this study could be used as simple demonstrations
of the object and background hypothesis for vection.
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